Introduction
Agroforestry (AF), the art and science of farming with trees (Van Noordwijk et al., 2016; Torquebiau, 2000) covers 800-1000 million ha worldwide (Nair et al., 2009; Zomer et al., 2009) . Shaded tree-crop systems [involving crops such as coffee (Coffea spp.) and cacao (Theobroma cacao L.)] are prominent examples of AF systems. Three million smallholders cultivate 7-8 million ha of cacao worldwide (www.worldcocoafoundation.org), with at least 80% of the cacao cultivated under a shade tree canopy, that is, in AF systems . Cocoa-based AF systems have been top-ranked as land use alternatives to cope with climate change because of their high levels of species diversity, year-round soil cover, high levels of stored carbon in both the soil and wood (above and below ground biomass) and other desirable attributes Harvey et al., 2014; Vaast and Somarriba, 2014; Tscharntke et al., 2011) .
Farmers retain and plant a large number of tree species to provide shade and shelter to cocoa trees and help sustain high cacao yields (Koko et al., 2013; Anglaaere et al., 2011; Somarriba and Beer, 2011; Bos et al., 2007) . Trees in the cacao shade canopy also produce timber, fruits and other goods for either family consumption or sale Somarriba, 2007) ; generate income Oke and Odebiyi, 2007) ; conserve biodiversity at the plot and landscape levels (de Beenhouwer et al., 2013; Clough et al., 2011; Stenchly et al., 2012) ; increase landscape connectivity Asare et al., 2014) ; sequester carbon Abou Rajab et al., 2016; Schroth et al., 2016; Jadan et al., 2015; Jacobi et al., 2014; Norgrove and Hauser, 2013; Leuschner et al., 2013; Oke and Olatiilu, 2011; Wade et al., 2010; Smiley and Kroschel, 2008) ; enhance the pollination of cocoa (Toledo-Hernández et al., 2017; Frimpong et al., 2011) ; sustain soil fertility (Mortimer et al., 2017; Rousseau et al., 2012; Moço et al., 2010) ; and reduce farmers' vulnerability to the effect of extreme climatic events Läderach et al., 2013) .
Farmers have ample knowledge on the products and services they obtain from a diverse, tree-shade canopy in the cocoa plantation (Silva et al., 2013; Ortiz-González, 2006 ). Shade trees: 1) modify the light regime (in both quality and quantity), air temperature, humidity and wind movement within the plantation, directly affecting photosynthesis, growth and yield of cocoa (de Almeida and Valle, 2007; Zuidema et al., 2005) ; 2) favour or hamper the population dynamics and incidence of pests and diseases (and of their natural enemies) that reduce yields of both cocoa and its companion species (Mortimer et al., 2017; Schroth and da Mota, 2014) ; and 3) produce significant quantities of organic matter, recycle nutrients and help to maintain the natural fertility of the site (Hartemink, 2005) , a service that is of utmost importance since most cocoa plantations are not fertilized .
The relationships between shade cover and cocoa yields are inconsistent between sites (Asare, 2006; Asare et al., 2017) . Blaser et al. (2017) while studying the effect of shade trees on soil fertility and soil carbon stock in cocoa AF systems at the plot level found no positive effect of shade trees on soil fertility under increasing shade cover. However, individual shade trees had a positive effect on soil carbon, nitrogen fertility and soil aggregation at these localized sites. A comprehensive review of the effects of shade trees on the maintenance of soil fertility was provided by Mortimer et al. (2017) . A recent study showed that ants and birds caused variation in yields between 100 and 800 kg −1 ha −1 year −1 depending on the level of shade tree cover. For example, yield was higher under 30-40% shade cover and with an undisturbed ant community (Gras et al., 2016) . On the other hand, found that highest yields of cocoa agroforests (585 kg ha −1 or twice the current regional average) were compatible with a tree cover up to 55% shade and above-ground C stock in the large shade trees (>30 cm DBH) of up to 65 Mg ha −1 . In this chapter we: 1) revisit the different cocoa system typologies described in the literature, placing special emphasis on cocoa-timber systems; 2) present a simple guide for the analysis of the cocoa shade canopy of shaded cocoa systems; 3) explore the tradeoffs and synergies implicit in the optimal design of cocoa shade canopies, with emphasis on the analysis of carbon storage and cocoa yields; and 4) provide a brief look at the critical issues to be taken into consideration to optimally use AF science/knowledge in cocoa cultivation programmes.
Cocoa shade typologies
The diversity, botanical composition and structural complexity of cocoa shade canopies vary widely between geographical regions, between farms within a region and even between sections within a plantation. Some cocoa shade canopies are species-rich and structurally complex, with several vertical strata and diverse spatial and temporal configurations (Asare, 2006; Bentley et al., 2004) . However, most cocoa shade canopies have low species richness and a simple vertical and horizontal structure to facilitate crop management Gockowski and Sonwa, 2011) . Irrespective of their complexity, most cocoa shade canopies are suboptimal in design and management due to: 1) excessive or deficient shade levels, 2) uneven spatial distribution of shade cover, 3) suboptimal botanical composition in relation to fulfilling farmers' objectives and 4) poor agronomic and silvicultural management, for example, inadequate pruning and thinning regimes of timber trees (Somarriba et al., 2001) .
Six shade canopy typologies have been identified (Table 1 , Fig. 1 ) (Rice and Greenberg, 2000) , namely: 1) cocoa without shade; 2) cocoa with a mono-specific 'service' shade, that is, with a legume tree species of the genera Erythrina, Gliricidia, Inga or Albizia (Smiley and Kroschel, 2009 ); 3) cocoa with one or a few productive shade tree species that is, cocoafruit, cocoa-timber, cocoa-rubber (Hevea brasiliensis) or cocoa-bananas (Sonwa et al., 2014; Utomo et al., 2016; Wu et al., 2016) ; 4) cocoa with mixed shade (Jagoret et al., 2012; Deheuvels et al., 2012) ; 5) rustic cocoa, also known as 'cabrucas' in Brazil (Sambuichi et al., 2012) ; and 6) successional agroforests (Somarriba and Lachenaud, 2013) .
Unshaded cacao can be found mostly in West Africa, Indonesia, and Brazil and Ecuador in South America (Tondoh et al., 2015; Jadan et al., 2015; Siebert, 2002) . In unshaded systems, cacao planting density and yield are up to five times greater than some shaded cacao typologies (Table 1) . Monospecific, 'service' shade and productive cacao shade canopies are found in various countries in West and Central Africa and in South America; in these typologies cacao density, cacao productivity and shade tree diversity are moderate (Tondoh et al., 2015; Asare et al., 2009) . Mixed shaded cacao is the dominant typology across Mesoamerica; shade canopy in this typology has high tree diversity, high levels of stored carbon, low cacao planting density and low cacao yields (Table 1) . Rustic cacao is common in the Atlantic forest region of southern Brazil; 'cabrucas' have high tree species richness, complex rainforest structure and low cacao productivity. Finally, successional cacao agroforests are found in the Amazon riverine system and have a forest-like physiognomy, high species diversity, low cacao planting density and very low cacao yields.
Cocoa-timber systems
Timber trees are a frequent component in cocoa shade canopies, and various authors have recommended cocoa-timber systems to increase the sustainability and financial efficiency of cocoa farming (Jaimez et al., 2013; Gockowski and Sonwa, 2011; Ofori-Bah and Asafu-Adjaye, 2011; Ruf, 2011; Somarriba and Beer, 2011) , and as a viable strategy for the intensification of cocoa cultivation Vaast and Somarriba, 2014) . Two basic models for timber production in cocoa plantations can be identified; 1) Trees are planted for shade and lumber at the onset of the cocoa plantation and 2) Trees are recruited from the natural regeneration at the site. In the first model, trees are harvested (clear cut) at rotation age, hopefully coinciding with renovation of the cocoa stand. Because all timber trees are planted at the same time, the tree stand is even-aged. In the second model of timber production, tree recruitment is a continuous process and mortality/harvest occurs during the entire cycle of the cocoa plantation; the tree stand is uneven-aged. Planted, even-aged, timber stands used as shade in cocoa plantations typically follow the canopy development pattern depicted in Fig. 2 Figure 2 Typical temporal trend in the development of the shade canopy in a planted, even-aged timber tree stand used as shade over cocoa. when tree stand density passes this threshold. Tree thinning and pruning keep stand density above a minimum threshold level below which timber per hectare is insignificant. The rate of thinning (trees ha −1 removed) over the life cycle of the cocoa plantation is determined by the initial planting density, crown growth rate, crown closure and leaf fall patterns of the timber trees (Somarriba and Beer, 2011) .
Naturally regenerated timber species in cocoa shade canopies belong to a small group of successfully reproducing, native species representative of the local flora. Notable examples include Cordia alliodora in Latin America , and Terminalia ivorensis, Terminalia superba in West Africa (Gockowski and Sonwa, 2008; Sonwa et al., 2007; Anglaaere, 2005; Asare, 2005; Nomo, 2005) . Uneven-aged timber tree stands used as shade cover require the analysis of the population dynamics of a structured (age and size) tree population (Fig. 3 ). Parameters such as stem diameter frequency distribution (Fig. 4) , recruitment of new individuals and growth, mortality and harvest rates are evaluated to project population size and structure over time; all population dynamics parameters act simultaneously and their relationships are treated analytically using probability transition matrices .
Timber harvest and damage to the cacao crop
The damage inflicted on cocoa during the harvest of timber trees (a concern for farmers and extension workers alike) is not as severe as usually expected. Income from timber sales easily offset the costs of both renewing the cocoa plants and bringing the plantation back to pre-damage condition. Damage to cocoa due to the harvest of timber should not be an argument to limit the promotion and use of timber trees in cocoa systems. To assess the feasibility and financial outcome of harvesting timber trees in cocoa plantations, a simple, three-step guide is proposed (Ryan et al., 2009 ):
• First, damaged cocoa plants resulting from the harvest of one timber tree are inventoried, and then each damaged plant is categorized according to the six severity levels (Table 2) . Damage classes are defined based on the activities required to bring back the damaged cocoa plant to the pre-damage condition.
• Second, damage to cocoa must be translated into yield losses and their corresponding economic values, using a cocoa yield-age model which can be easily developed Secondary branches damaged, 0-24% crown loss Light pruning required using expert knowledge. The reduction in cocoa yield and economic loss, and the cost of renewing the damaged cocoa plant must be determined per year over the full duration of the recovery period.
• Third, a sensitivity analysis should be conducted to evaluate the effect of varying cocoa planting densities, cocoa yield levels and prices for both cocoa and timber, on the feasibility of harvesting the timber.
3 A four-step guide for analysis of the shade canopy
A proper design and management of the shade canopy is critical for achieving optimal, sustainable yields (Jaimez et al., 2013; Somarriba and Beer, 2011; Beer et al., 1998) , and healthy landscapes . Farmers have a significant amount of knowledge on the roles, uses, advantages and disadvantages of shade trees in cocoa farming (Silva et al., 2013; Anglaaere et al., 2011; Asare, 2005) , but 'flunk' in complex issues such as the management of the interactions between shade-soil fertility-cocoa yields, and in understanding how changes in exposure, latitude and the daily and yearly movement of the sun affects shading (Somarriba, 2007) . Shade canopy design and management is a complex issue, involving a range of factors related to plantation management, site conditions and selection and management of shade species. There are no recipes, each cocoa plantation is unique and requires tailored design according to all the intervening factors. In what follows we present a guide describing the main steps for the analysis of cocoa shade canopies. The design of improved shade canopies is treated in a subsequent section (Fig. 5 ). 
Setting farmers' objectives
The analysis of the shade canopy and the design of improvements (shade canopy botanical composition, spatial and temporal patterns, and management, as well as other crop husbandry practices) are geared towards achieving farmers' objectives. Setting clear goals is the first necessary step for a successful shade canopy analysis. The objectives of a farmer are the benefits (ecosystem services) that (s)he wants to obtain from the shade canopy. Ecosystem services are grouped in four categories: provisioning services (cocoa, fruits, timber, construction materials, medicine, fresh water); regulating services (pests and diseases regulation, pollination, carbon sequestration, extreme events protection, reduction of soil erosion, maintenance of soil fertility); cultural services (recreation, tourism) and habitat services (species, genetic diversity; Müller et al., 2015) . Each farmer has a prioritized list of ecosystem services (and dis-services such as competition for soil, water and nutrients, pollution, etc.) to optimize (Dale and Polasky, 2007; Zhang et al., 2007) .
For a given set of objectives, the analysis of the shade canopy requires the systematic evaluation of the three major sources of shading: the cocoa plantation itself, site conditions and the shade canopy itself. Each source of shading requires the assessment of several contributing factors; each factor has a proper, expected response in the assessment .
Assessing the cocoa plantation
Two key subfactors should be assessed: level of self-shading and phenological cycle of the cacao plant. Self-shading denotes the shade projected by upper leaves and branches on lower leaves in the same crown plus the shade projected by the crowns of neighbouring cocoa trees. When self-shading is high, less shade from the tree canopy is needed, thus reducing the potential of the cocoa plantation to produce goods (timber, fruit, etc.) and services (cultural, environmental). Self-shading is the result of 'crowding' in the plantation, which in turn is determined by a combination of the shape and size of the crown of the cocoa tree, and the planting configuration and spacing of the cocoa. This includes, for instance, plant age (young cocoa plants have small crowns, hence low self-shading); pruning regimes (infrequent and light pruning of cocoa lead to more self-shading); genetics (grafted cacao trees from plagiotropic buds tend to be more open-crowned than trees from seeds; less self-shading is expected in open-crowned cocoa trees); and spacing and planting configuration (high planting density of cocoa will result in high selfshading; triangular planting arrangements can 'pack' more densely cocoa trees in the plot than square or rectangular configurations, thus resulting in more self-shading). Every year, cocoa trees transit over a sequence of phenological stages such as leaf flushing, flowering, fruit development and filling, fruit maturation, radial growth of stem, branches and roots and a quiescent stage. More solar radiation is needed at flowering and pod filling (de Almeida and Valle, 2007) . Crop phenology determines the monthly pattern of shading (and crown management) needed to optimize the performance of the cacao crop.
Assessing site conditions
Cocoa photosynthetic rate depends on both the intensity and quality of solar radiation reaching the site and the supply of nutrients: more solar radiation will result in a higher demand for soil nutrients (sourced either from the natural fertility stock of the soil or from applied fertilizers, either organic or inorganic) and water. Fertile soils can sustain a cocoa plantation with low shade levels; more shade will be needed on infertile soils. The relationship between optimal shade levels and water availability in the soil is a complex, non-linear one: 1) water consumption by trees may advise the reduction (or even total removal) of shade trees in very dry places (trees consume water that would otherwise be available for cocoa); 2) at intermediate levels of water availability, the amount of water 'saved' due to reduced evapotranspiration (lower air temperature, year-round soil cover, etc.) is larger than the amount of water used up by the tree (Niether et al., 2017) ; and 3) in very humid sites the use of water by the tree has no effect on cocoa and consequently the use of shade trees is optional. Threshold values of soil water availability separating these three zones have yet to be determined for each site and shade canopy botanical composition, tree density and management.
High cloudiness leads to a reduced need of shade either from self-shading or from the shade canopy. Winds force farmers to plant trees in lines (ideally, perpendicular to wind direction) instead of evenly spacing them in the plot. Tree rows project 'lateral shade' over the cocoa, which is of 'lower quality' than the shade projected by evenly spaced trees over the entire plantation (that ensures that all cocoa plants experience similar growing conditions). When tree lines are used as shade, the amount of shade projected onto the cocoa trees is determined by both the proximity of the cocoa tree to the tree line, and the orientation of the tree line with respect to the hourly and daily movement of the sun.
Hills and tall vegetation at the border of the cocoa plantation also cast lateral shade over the plantation. A cocoa plantation positioned at the base of a steep, long hill facing west will cast lateral shade over the plantation during morning hours, and will be fully exposed to the sun in the afternoon. The degree and length of the slope will determine the number of hours of lateral shade per day. Steep, long slopes will cast more hours of lateral shade than short, relatively flat slopes. The latitude of the site will also influence the amount of solar radiation received by a cocoa plantation. North-facing slopes will receive more solar radiation in southern latitudes; conversely, exposure to solar radiation will be higher for south-facing slopes in the northern hemisphere.
The position of the Sun, as seen by an observer at a given latitude, day of the year, and hour of the day is described by two angles: azimuth and solar elevation (Fig. 6) . The following equations estimate these two angles (Quesada et al., 1987) : where hour = hour of the day; declination = solar declination; day = day of the year, day one is 1 January; elevation = solar elevation angle; latitude = geographical latitude, ranging from 0° to 90° with a positive sign in the northern hemisphere and a negative sign in the southern hemisphere; azimuth = azimuth angle, ranging from 0° to 360°, measured clockwise on the ground.
Assessing the shade canopy
Farmers manipulate the botanical composition, population density, spatial and temporal patterns and management of tree cover in the plantation. Ideally, tree cover should be as spatially homogeneous as possible to ensure that all cocoa trees experience similar shading conditions. Most cocoa plantations, however, are suboptimal in terms of spatial homogeneity of canopy cover, with gaps (little or no shade) or high tree density (excessive shade) spots in the same plantation. Tree species will differ in height, crown shape, crown size and crown density (porosity or its inverse, opacity), and monthly defoliation patterns. These variables allow us to estimate tree cover and spacing (Somarriba, 2002) . The area covered by tree crowns (C) is proportional to the population density of canopy trees (N, in trees ha −1 ); tree crown diameter (D, in m); and crown opacity (P, expressed in the range 0-1; a 0.5 opacity indicates that only 50% of crown projection area on the ground is actually covered by the crown's leaves and branches). In analytical form:
Assuming that crowns are circular, tree crown area (A):
The average spacing between trees (S, in m), assuming a regular, square, planting arrangement of trees is: 
S N = 10000
For example, for a given cocoa plantation with a maximum of 30% of canopy cover (equivalent to C =3000 m 2 ha −1 of effective canopy cover); crown diameter 8 m; and crown opacity 50% (0.5 in a 0-1 scale): Tree height also influences the shade levels experienced by cacao plants. Farmers know that tall trees project a lighter shade than short trees. However, a better explanation is that tall trees project a faster shade than short ones. For instance (Fig. 7) , in one day (say between 10 am and 2 pm) the length of the path of the shade projected on the ground by the crown of a tall tree (L2) will be longer than the path of the shade projected by a short tree (L1). This can be demonstrated by considering that in Fig. 7 :
where α = solar elevation angle.
Consequently, L2 is larger than L1 by the amount: 2 * * cot b ∝ ( ) . The shade projected by a taller tree travels a longer distance (in the same amount of time) than the shade projected by a shorter tree. Therefore, the shade projected by the crown of a tall tree moves faster along the path than the shade projected by a short tree. A cocoa tree in the path of the shade of a tall tree will experience fewer hours of shade per day than under a short tree. This has practical applications, for instance, you can use tall trees with dense crowns and yet project acceptable levels of shade on the cocoa canopy. When a short tree species is used as companion, it better have a sparse crown to avoid excessive shading of the cocoa. Crown size, tree spacing and planting spatial configuration (triangle, square and rectangle) have profound effects on the temporal dynamics of canopy closure and shading of the cocoa (Fig. 8) . Three critical moments in the closure of the canopy need to be considered: 1) crown diameter is smaller than tree spacing, and there is open canopy space between neighbour trees, 2) crown diameter equals tree spacing and neighbour tree crowns 'touch' each other without overlapping and 3) crown diameter is larger than tree spacing and crown overlapping occurs (although some canopy gaps may still exist). The interactions between crown diameter and tree spacing results in three shading conditions: shade without overlap, no shade and shade with overlap. The mathematical conditions determining the magnitude of these three shading conditions are presented in Somarriba (2002) . These equations show that with trees planted in square configurations, when crown diameter equals tree spacing (i.e. crowns of neighbour trees 'touch' each other) still a significant 21.46% of the canopy is open space. The amount of open space is reduced to 9% if trees are planted in a triangular spacing pattern (Somarriba, 2002) . 
Designing improved shade canopies
Designing shade canopies in cocoa requires a careful consideration of the four basic diagnostic steps presented in previous sections (setting farmers' objectives, assessing the effects of the site, the crop, and the shade canopy). However, one question remains to be answered. Is the current shade canopy design optimal? To address this question, different approaches can be used to assess the synergies and trade-offs between crop husbandry, shade canopy design and management, and the ecosystem services the system can provide. Trade-offs and synergies can be assessed by regression analyses, system optimization, simulation of shade patterns and light transmission models, and other techniques. In what follows we provide a brief description of three approaches: 1) regression analysis, 2) competitive allocation of stand basal area (biomass or carbon) between cocoa and the shade canopy plants and 3) simulation of shading patterns.
Analysing trade-offs and synergies by regression analysis
Trade-offs between plant biodiversity and indicators of ecosystem services have been the subject of recent research showing that high biodiversity levels are compatible with high cocoa yields de Beenhouwer et al., 2013; Clough et al., 2011) and with high carbon sequestration Kessler et al., 2012; Wade et al., 2010) . Other studies have highlighted the impacts of management intensification and agricultural practices on the conservation of biodiversity and provision of ecosystem services (Vaast and Somarriba, 2014; Gockowski and Sonwa, 2011; Bisseleua et al., 2009; Steffan-Dewenter et al., 2007) . For instance, the intensification of crop husbandry (pests and diseases control) can reduce both shade canopy biodiversity and the provision of other ecosystem services (Cheatham et al., 2009) . It seems possible to reduce trade-offs, or even achieve win-win situations (synergies), by adjusting the spatial/temporal arrangement, the botanical composition and the management of both cocoa and the shade canopy plants. Rapidel et al. (2015) demonstrated the importance of the analysis of relationships between indicators of ecosystem services as a key step for the design of optimal agroecosystems with perennial crops. Inspired by that work, we propose a four-step guide to use trade-off analysis in the design of optimal cocoa AF systems:
1 Identify the ecosystem services provided by the AF system and prioritize (rank) them according to the objectives of the farmer (this comes from the 'Setting farmers' objectives' section). 2 Estimate the level of each expected service. 3 Estimate regression functions between ecosystem services and biodiversity. For example, if a farmer prioritizes, in decreasing order of importance, three ecosystem services (ES1 > ES2 > ES3) and also wants to retain high levels of plant biodiversity in the shade canopy, then ES1 should always be the most important dependent variable. Trade-offs, synergies or independence between factors can be determined by looking at the slopes (sign and magnitude) of the regression functions (Fig. 9 ). 4 Iteratively, adjust the botanical composition, relative abundances, spatial/temporal patterns and management of both the crop and the shade canopy plants to enhance synergies and minimize the most problematic trade-offs, until an ideal cocoa AF system is achieved (in terms of reaching farmer's goals).
In the hypothetical case presented in Fig. 9 , the most important ecosystem services for the farmer (ES1 and ES2) have trade-offs with the plant biodiversity desired in the system. ES1 and ES2 have synergy between each other; and the ES3 has no relationship with ES1 and ES2 (independence). Given that ES1 and ES2 are priorities for the farmer, the botanical composition, planting density and spatial arrangement, and the management of plant biodiversity in the improved system should be adjusted to minimize trade-offs (or set them to zero) and maximize synergies. In this example, since ES3 is not a priority for the farmer, the improved design may involve a loss of synergy between ES3 and plant biodiversity, and this would be acceptable as long as ES1 and ES2 are not reduced.
The competitive allocation of basal area between cocoa and the shade canopy
A model based on the competitive allocation of the basal area of the cocoa plantation to either the cocoa or the shade canopy plants can help design optimal cocoa plantations. A six-step analysis is required for the optimal design of the system.
1 First, we consider the limits in stocking imposed by the tree growth factors in any given site. For instance, maximum attainable basal area is likely to vary along largescale gradients of temperature (latitudinal and altitudinal gradients), water (from deserts to very humid forest zones) and soil. 2 Second, at any given location along this gradient, the stocking of cocoa plantations will vary depending on the typology, with low stocking in mono-cropped cocoa and maximum in rustic and successional cocoa agroforests . 3 Third, at a given site and typology, optimization of the total productivity of the cocoa plantation requires the competitive allocation of plantation basal area between: 1) cocoa and the shade canopy as a whole; and 2) between groups of species producing particular goods and services within the shade canopy (Fig. 10) . For instance, high stocking of cocoa, as is commonly the case in West Africa with planting densities typically between 1500 and 1700 cocoa trees ha −1 (Sonwa et al., 2007 , Zapfack et al., 2002 , Vernon and Morris, 1964 , will result in higher levels of self-shading, and consequently, a reduced need for trees in the shade canopy. And vice-versa: high stocking in the shade canopy will be conducive to lower stocking levels in the cocoa, as is commonly the case in Central America with cocoa planting densities typically between 500 and 1000 trees ha −1 and highly stocked shade canopies . Rustic systems, with high basal area in the shade canopy, also show the competitive, two-way interaction, between stocking in the cocoa and the shade canopy (Sambuichi, 2002; Sambuichi and Haridasan, 2007) . 4 Fourth, simultaneous to the competitive assignment of stand density (basal area) between cocoa and the shade canopy, farmers must competitively allocate total basal area in the shade canopy plants between groups of useful species (timber, fruit and other goods and services expected from the shade canopy). For instance, if a farmer is interested in increasing timber production, s(he) must allocate more basal area to timber species in the shade canopy, but with a concomitant reduction in basal area allocated to species valued for their production of fruit, amelioration of soil fertility or any other desirable product/service. Farmers may also need to adjust the basal area of cacao (or prune it more heavily) to reduce self-shading and to be able to absorb the increase in shade from the canopy. 5 Fifth, we need to assess (qualitatively or quantitatively) the relationships between the components of the system. For instance, in Fig. 10 , all arrows may be represented by a boundary condition, a functional relationship expressed as an equation or no effect (zero). To give this a formal treatment, let P stand for the entire cocoa plantation (cocoa + shade canopy), K stand for cacao, D for canopy, T for timber, Q for 'other goods and services' and G for basal area (biomass, carbon or shade). Then, the following conditions may hold:
There is a maximum G for each P depending upon local conditions (for instance, cloudiness), type of cocoa production system and AF management. Expert knowledge suggests that in most cases:
G is competitively allocated between K and D (for instance, if K increases, selfshading increases, leading to reductions in the need for shading from the canopy trees, that is, D has to decrease)
Yield of other goodsand services YQ f T
6 With f1-f6 expressing yet undetermined functional relationships between components, the optimal design is determined using a set of differential equations and numerical optimization procedures. This has not yet been attempted in cocoa AF, and is a promising research field.
Various management options can modify the competitive effects between cacao and shade canopy plants, and between the production of timber and other goods and services in the shade canopy. For instance, pruning lower branches increases the length of the bole of the tree with clean wood (free of knots fetching higher prices), and improves the shading conditions in the plantation; the crown of a tall tree casts a faster and lighter shade than the crown of a short tree as shown before. Some morphological and functional traits can be used also to reduce competitive relationships between cocoa and shade trees. For instance, trees with small leaves will favour the transmission of light in the plantation; trees with reversed phenology could reduce shading during rainy, cloudy periods; trees with deep root systems would reduce competition for nutrients and water with cocoa; tall trees with clean boles can accumulate a lot of carbon while casting light shade on the cacao, and so forth. Some crop and tree management practices must also be adjusted to fulfil the needs of cocoa, timber and other goods. For instance, timber trees shall not be pruned or thinned considering only the light regime needed by the cocoa, but also to ensure that: 1) highquality timber is produced, 2) only the best formed and fastest growing trees are kept for future harvest (a systematic thinning, that would be appropriate to distribute canopy cover homogeneously over the cocoa plot, may not be a good thinning strategy from a timber production standpoint since it may eliminate good trees and leave out poorly formed, slow-growing ones); and 3) a significant number of timber or fruit trees are retained in the plot to yield significant returns, which may result in some over shading and suboptimal cocoa yields.
In the analysis of shade canopy design using basal area allocation as proxy for tree biomass, carbon stock or shade level, basal area is considered a good predictor of yield, which may not always be the case. For instance, two cocoa plantations may have the same canopy basal area or carbon level, but in Plantation 1 basal area is concentrated in a few, big, tall trees, and in Plantation 2 distributed in many, small, short trees. Plantations 1 and 2 will have significant differences in the pattern of transmission of solar radiation inside the cocoa plantation and this may result in significant differences in cocoa yield. In yet another example, two plantations with the same canopy carbon level may have radically different botanical compositions, resulting again in very different patterns of transmission of solar radiation into the plantation and possibly in cocoa yields. Canopy species have an array of morphological (e.g. leaf size and morphology, root systems, etc.) and functional attributes (i.e. leaf fall patterns) that drastically influence the transmission of solar radiation into the cocoa plantation, thereby affecting the growth and yield of cocoa, and altering the microclimate that is a major determinant of the life cycles of pest and diseases that reduce yields.
The manipulation of the morphological and functional traits of canopy species has been used to optimize shade canopy design in coffee (Linkimer et al., 2002; Bellow and Muschler, 1999) and could be used in cocoa to maintain high yields and carbon stocks. To stock high levels of carbon in the plot without adversely affecting cocoa yields, one could select tree species with:
1 Tall, cylindrical and thick stems such as Terminalia ivorensis A. Chev. in West African cocoa plantations. Large trees store most of forest above-ground biomass (Lindner, 2010) 2 Small crowns and light foliage (i.e. Albizia spp.) 3 Large, deep, thick roots (Nair et al., 2009) 4 Rapid growth and high-density timber; and 5 Inverted phenology which would be of special interest (i.e. Faidherbia albida (Delile)
A. Chev.) in Africa, which loses foliage during the rainy season and keeps it during the dry season. This inverted phenology behaviour has been observed in Dalbergia glomerata Hemsley (a highly valuable timber) used as shade over cacao in Honduras (A. Dubón, FHIA, Honduras, pers. comm., 2011) .
Research has shown that it is possible to design cocoa-based AF systems that provide both good yields (from both cocoa and valuable products from the shade canopy) and high carbon stocks (i.e. Clough et al., 2011; Wade et al., 2010; .
Simulation of shade patterns and light transmission models
The presence of a shade canopy in a cocoa-based AF system places cocoa in a 'disadvantageous' position regarding the capture of light (and nutrients) for photosynthesis. The competitive relationship for light between shade canopy plants and the cocoa in the understorey is usually analysed in terms of: 1) the fractioning of the light captured by all plants (to establish a functional relationship between light intensity and quality, photosynthesis, plant growth, and yield), or 2) the estimation of the amount of shade shed by the canopy plants on the cocoa canopy. Light transmission models usually involve repeated measurements of radiation fluxes, specialized instrumentation, detailed plant growth models and physiological measurements of plant function (Lamanda et al., 2007) . A simpler approach to assess the interaction between shade plants and cocoa trees is to focus on the characteristics of the shade canopy plants (crown form, size, spatial pattern, leaf fall patterns, etc.) that block the transmission of light. The assessment of crown canopy cover (Korhonen et al., 2006) can be done with hemispherical photography (Bellow and Nair, 2003) , handheld (spherical or point) optical densitometers (Smith et al., 2008) , visual estimation (Somarriba, 2002) or by simulation (www.shademotion.net). The software ShadeMotion facilitates the exploration of the shade pattern resulting from different shade canopy designs (species composition, plant size and growth, crown form, leaf phenology, planting configurations, population density of tree species, etc.) by estimating the number of hours of shade cast on each point in the cocoa plantation. The amount of shade is estimated for any cocoa-based AF system, at any location on earth, in horizontal or tilted planes, with any number of trees, belonging to any number of species, and over variable temporal periods. The software provides both 3-D layouts (profiles) of the trees on the plot and shade contour maps of the plot (Fig. 11) .
Finally, it should be noted that shade regulation and canopy design and management is only one of many good husbandry practices required to sustainably produce cocoa and other goods and services from cocoa-based AF systems. In many instances, shade regulation will be one of the first innovations applied when optimizing a cocoa production system (Fig. 12) . Shade regulation practices and other crop husbandry practices such as plant protection measures, fertilization and the use of improved genetics will have simultaneous effects on the production of both cacao and tree products from the shade canopy. A hypothetical example from Central American cocoa plantations is depicted in Fig. 12 .
5 Future needs: a call for action AF science/knowledge has much to contribute to sustainable cocoa production worldwide. Farmers and technicians need to acquire and apply the knowledge and skills to manipulate cocoa shade canopies to optimally satisfy their needs. To consolidate cocoa AF science and technology, we need developments in (at least) the following areas: limitations on germplasm rights for useful native fruit and timber species (and facilitate exchange between cocoa-growing regions); and (d) the impact of global trends, conventions, trade agreements, technology bottlenecks, climate change, and so forth. 7 Understanding the role of cocoa plantations in landscape biological connectivity, conservation of biodiversity and provision of ecosystem services at the landscape level.
Where to look for further information
Several sources of information are available on cocoa-agroforestry. A non-exhaustive list of key sources of information is presented in Table 3 .
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